Abstract: A birefringence compensation technique based on angled star couplers in arrayed waveguide grating (AWG) is experimentally investigated in silica-on-silicon waveguide with B-Ge codoped upper cladding. A 16-channel AWG with 100-GHz channel spacing is designed and fabricated. The star couplers are designed according to Rowland circle construction with an oblique incident/diffraction angle. Five different polarization compensation parameters corresponding to different incident/diffraction angles are employed to investigate the stress-induced birefringence. The experimental results confirm that the polarization-dependent wavelength shift ðPDÞ can be tuned by varying the incident/ diffraction angle at the star couplers, and a birefringence-free AWG can be achieved without any additional fabrication process.
Introduction
With vigorous development and application of dense wavelength division multiplexing (DWDM) technology, the polarization-insensitive characteristics of planar optical devices such as the arrayed waveguide grating (AWG) become more and more important. Since the optical signal transmitted through an optical fiber has an indeterminate polarization state, the difference between the propagation constants of the TE (transverse electric) and TM (transverse magnetic) modes of planar waveguides results in a polarization-dependent wavelength shift ðPDÞ, which can degrade the signal quality. As the DWDM system has very narrow channel spacing, even a small polarizationdependent wavelength shift can have a significant impact to the system performance.
Many methods have been developed to compensate the PD, including the insertion of a halfwave plate in the middle of the arrayed waveguides [1] , different waveguides in a triangular-shaped patch area of the AWG [2] , changing the core width of waveguide [3] , [4] , using dopant-rich silicabased glass with the thermal expansion adjusted to silicon substrate [5] , the integration of a polarization compensator in the slab region [6] , square cross-section waveguides design [7] , and some other techniques [8] - [11] . By using the birefringence difference between the channel waveguide and the slab waveguide, a birefringence-compensated AWG with angled star couplers was proposed and theoretically analyzed [12] . The latter method does not require any additional processing step and can be used for compensating both stress-induced and waveguide geometry-induced birefringence in silica-, silicon-, or InP-based material system. In this letter, we report the first experimental demonstration of the stress-induced birefringence compensation based on angled star couplers in silica-on-silicon AWGs with B-Ge codoped upper cladding.
Principle
In a silica-on-silicon-based material system, the stress-induced birefringence is dependent on waveguide width [3] and it is significantly higher in the slab waveguides than that in the channel waveguides [12] . The considerable birefringence difference between the slab waveguides and the channel waveguides can be employed to compensate between each other in an AWG. Fig. 1 shows the mask layout design of a birefringence-compensated AWG. The star couplers are designed according to Rowland circle construction with an oblique incident angle 0 as depicted in the inset, similar to the design of an echelle grating [13] . The AWG can be considered as the combination of a conventional AWG and an echelle grating. The grating diffraction equation for this type of AWG can be written as
where n s ðÞ and n a ðÞ are the effective indices of the slab and arrayed waveguides, respectively. d a is the distance between the central arrayed waveguide and its first adjacent waveguide at the slab interface, ÁL is the length difference between adjacent arrayed waveguides, and m is the diffraction order. 0 is the incident angle between the central input waveguide and the normal to the grating circle, as shown in the inset of Fig. 1 , and is the output angle in the second slab region. For the central wavelength 0 , we have ¼ 0 . The sign of is defined as positive for the configuration of Fig. 1 . The path length difference in the slab region is then ÁL s ¼ d a sin 0 . Equation (1) can be rewritten as
In this case, the polarization-dependent wavelength shift Á ¼ TE À TM can be derived as follows:
where Án s ¼ n s ðTEÞ À n s ðTMÞ and Án a ¼ n a ðTEÞ À n a ðTMÞ are the effective index differences between the TE and TM modes for the slab waveguides and the arrayed waveguides, respectively. For simplicity, we have defined a polarization compensation parameter ¼ ÁL s =ÁL. The condition of polarization-insensitive operation for the central wavelength 0 , i.e., Á ¼ 0, becomes From (1) and (4), we can derive that the birefringence compensation condition
Since we usually have n a % n s , the star-coupler angle can be approximately determined by
Here, we used the same diffraction order for TE and TM modes. Different diffraction orders can also be used when the birefringence is very large, such as the case of silicon-on-insulator waveguide [14] .
For certain values of the birefringence ratio, the parameter and the relation between ÁL s and ÁL can be determined, which in turn determines the grating angle 0 for given values of the diffraction order m and the parameter d a and, consequently, the AWG layout. We consider a square waveguide with a cross section of 6 m Â 6 m. The refractive indices of the core layer and the buffer layer are assumed to be 1.467 and 1.455, respectively, at 1550 nm. The calculated effective indices of the channel waveguide and the slab waveguide for TE mode are n a ¼ 1:4616 and n s ¼ 1:4646, respectively. The stress-induced birefringence is dependent on the fabrication conditions and thus cannot be determined a priori. In order to find the optimal compensation for the stress-induced birefringence, different polarization compensation parameters are employed in our design and the main design parameters are listed in Table 1 . The device size is independent of the compensation parameter and is about 38 mm Â 20 mm.
Experimental Results and Discussions
Approximately 12-m pure silica and 6-m germanium-doped silica are deposited by plasmaenhanced chemical vapor deposition (STS Multiplex PECVD) on a silicon substrate as the under cladding layer and the core layer, respectively. Deposition was done at 300 C using silane ðSiH 4 Þ, germane ðGeH 4 Þ, and nitrous oxide ðN 2 OÞ as the processing gases. The refractive indices of the core layer and the buffer layer measured by the prism-coupler method were 1.467 and 1.455, respectively. A chromium layer was then deposited by the sputtering method as the hard mask, and the photoresist is coated on the top by spin-coating. The planar lightwave circuit pattern was created by contact photolithography on the photoresist. This pattern was transferred from the photoresist to the chromium hard mask by wet etching process. The silica core layer was then etched by inductively coupled plasma etching (STS Multiplex ICP) using CHF 3 and CF 4 gases. Both the width and thickness of the waveguide core were 6 m.
Finally, the waveguide core was covered with boron-germanium codoped silica upper cladding ($12-m thick) by PECVD using SiH 4 , GeH 4 , B 2 H 6 , and N 2 O gases. The boron-germanium codoped upper cladding with high-temperature annealing was used to facilitate the gap filling between waveguides whose size is as small as 2 m near the star couplers while the depth is 6 m. This process has the same effect as achieved by the more commonly used borophosphosilicate glass process but without an additional highly toxic phosphine gas [15] .
A 16-channel AWG with 100-GHz channel spacing was designed and fabricated. Since the channel waveguides have a square cross section of 6 m Â 6 m, there is essentially no geometrical birefringence. Therefore, the birefringence of the AWG is mainly stress induced. Fig. 2 shows the fabricated birefringence-compensated AWG chip and the expanded optical microscope pictures at the boundary of the star coupler. From the bottom-left picture, it can be seen that the narrow gaps ð$2 mÞ between the waveguides are well filled by the boron-germanium codoped silica upper cladding. The angled star coupler does not cause any distortion of the element pattern of the waveguides, and this angled star-coupler design only brings in small changes in the mask.
The cross section of the buried channel waveguide was measured by scanning electron microscopy (SEM), as shown in Fig. 3 . Due to fabrication inaccuracy, the actual cross section has a width of about 5.4 m while its height is about 5.7 m. This slightly nonsquare cross section causes a negligible geometrical birefringence of about 5:6 Â 10 À6 (corresponding to a PD of about 0.006 nm) according to theoretical calculation at the wavelength of 1550 nm. Fig. 4 shows the measured spectra of the #3 ð ¼ 0Þ and #5 ð ¼ 0:2Þ devices for both TE and TM polarizations for the central channel. In the uncompensated AWG #3, the PD is about 0.265 nm, which is significant compared to the designed channel spacing of 0.8 nm. For the compensated AWG #5, the PD is about 0.03 nm. We can see that the birefringence-compensated AWG does not bring any additional loss or crosstalk compared to the uncompensated device. In comparison with the uncompensated device #3, the central wavelength of the AWG #5 shifts to longer wavelength by 0.425 nm for TE and 0.66 nm for TM. Note that the wavelength shift with respect to the designed central wavelength ð 0 ¼ 1550 nmÞ can be derived from (2) as ¼ 0 ð2n s þ n a Þ=ð2n s þ n a Þ, where n s and n a are the deviations of actual effective indices from the designed values for the slab waveguide and the channel waveguide, respectively. Therefore, although the central wavelength for TE polarization was designed at the fixed value of 1550 nm, the wavelength shift is dependent on the compensation parameter for both TE and TM polarizations due to actual effective index deviations. From the measured central wavelength values of the two chips, we can derive the actual effective indices of 1.4575 for TE and 1.45726 for TM with a birefringence of 2:4 Â 10 À4 for the channel waveguide and 1.46115 for TE and 1.46162 for TM with a birefringence of À4:7 Â 10 À4 for the slab waveguide. Fig. 5 shows the PD values measured from the five AWGs as listed in Table 1 for the central input/output waveguides. When varies from À0.2 to 0.2, the PD changes from 0.73 nm to 0.03 nm. This confirms the validity of the polarization compensation mechanism using angled star couplers. Using (3) to find the best fitting with the five measured data points, we obtain Án a ¼ 2:49 Â 10 À4 and Án s ¼ À5:22 Â 10 À4 , which are close to the values derived above. The birefringence ratio Án s =Án a between the slab waveguide and the channel waveguide is therefore about À2.1. The positive birefringence value of the channel waveguide indicates that the thermal expansion coefficient of the B-Ge codoped silica upper cladding is larger than that of the silicon substrate [12] . Fig. 6 shows the measured spectra for all 16 channels for AWG #5. The TE and TM responses are well overlapped. While the simulated insertion loss is about 1 dB for both the compensated and uncompensated AWGs [12] , the measured insertion loss is about 5 dB, which can be improved by reducing the sidewall roughness of the etched waveguides. In the above demonstration experiment, the perfect birefringence compensation condition occurs at ¼ 0:238, as determined by the interception of the fitting curve with the x -axis in Fig. 5 . This corresponds to a star-coupler angle of 36 . This angle is dependent on the birefringence difference between the slab waveguide and the channel waveguide. From (6), we can find that the starcoupler angle decreases when the birefringence ratio Án s =Án a deviates away from unity. Since a too-large angle will cause layout difficulties especially when the number of waveguides in the AWG and the number of input/output waveguides are large, the method cannot be employed when the birefringence difference between the slab waveguide and the channel waveguide is very small. Assuming that the star-coupler angle is limited to AE60 and the minimum waveguide spacing d ¼ d a cos 0 between the arrayed waveguides is 10 m, for an AWG operating at 42nd diffraction order, it can be found from (6) that the birefringence compensation can be achieved as long as the birefringence ratio Án s =Án a between the slab waveguide and the channel waveguide is larger than 2.3 or less than À0.27. 
Conclusion
The birefringence compensation method using angled star couplers has been experimentally investigated in silica-on-silicon AWG with B-Ge codoped upper cladding. Five 16-channel 100-GHzspacing AWGs with different incident/diffraction angles corresponding to different polarization compensation parameters were designed and fabricated. The measurement results confirm that the polarization-dependent wavelength shift can be tuned by varying the incident/diffraction angle at the star couplers. By simply designing the star couplers according to Rowland circle construction with an oblique incident/diffraction angle, a birefringence-free AWG can be achieved without any additional fabrication process or any increase in device size. This method can also be used for compensating waveguide geometry-induced birefringence in silicon-nanowire-based AWGs.
